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Abstract 
Large scale geologic sequestration tests are in the planning stages around the world.  The liability and safety issues of the 
migration of CO2 away from the primary injection site and/or reservoir are of significant concerns for these sequestration tests.  
Reservoir models for simulating single or multi-phase fluid flow are used to understand the migration of CO2 in the subsurface. 
These models can also help evaluate concerns related to brine migration and basin-scale pressure increases that occur due to the
injection of additional fluid volumes into the subsurface. The current paper presents different modeling examples addressing 
these issues, ranging from simple geometric models to more complex reservoir fluid models with single-site and basin-scale 
applications.
Simple geometric models assuming a homogeneous geologic reservoir and piston-like displacement have been used for 
understanding pressure changes and fluid migration around each CO2 storage site.  These geometric models are useful only as 
broad approximations because they do not account for the variation in porosity, permeability, asymmetry of the reservoir, and dip
of the beds.  In addition, these simple models are not capable of predicting the interference between different injection sites
within the same reservoir.   
A more realistic model of CO2 plume behavior can be produced using reservoir fluid models.  Reservoir simulation of natural gas 
storage reservoirs in the Illinois Basin Cambrian-age Mt. Simon Sandstone suggest that reservoir heterogeneity will be an 
important factor for evaluating storage capacity. The Mt. Simon Sandstone is a thick sandstone that underlies many significant 
coal fired power plants (emitting at least 1 million tonnes per year) in the midwestern United States including the states of 
Illinois, Indiana, Kentucky, Michigan, and Ohio. The initial commercial sequestration sites are expected to inject 1 to 2 million
tonnes of CO2 per year.  Depending on the geologic structure and permeability anisotropy, the CO2 injected into the Mt. Simon 
are expected to migrate less than 3 km.  After 30 years of continuous injection followed by 100 years of shut-in, the plume from a 
1 million tonnes a year injection rate is expected to migrate 1.6 km for a 0 degree dip reservoir and over 3 km for a 5 degree dip 
reservoir.
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The region where reservoir pressure increases in response to CO2 injection is typically much larger than the CO2 plume.  It can 
thus be anticipated that there will be basin wide interactions between different CO2 injection sources if multiple, large volume 
sites are developed.  This interaction will result in asymmetric plume migration that may be contrary to reservoir dip.  A basin-
scale simulation model is being developed to predict CO2 plume migration, brine displacement, and pressure buildup for a 
possible future sequestration scenario featuring multiple CO2 storage sites within the Illinois Basin Mt. Simon Sandstone. 
Interactions between different sites will be evaluated with respect to impacts on pressure and CO2 plume migration patterns.  
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
Water displacement, CO2 migration, and reservoir pressure changes are the three most important concerns in any 
sequestration program. For example, will the injected CO2 move updip and reach freshwater portions of the 
formation?  Could the CO2 leak into the overlying strata and enter the freshwater aquifer system? Will the injected 
CO2 push brine into historically freshwater aquifer systems? What is the pressure interaction of different 
sequestration projects in a basin?  Will reservoir pressure increases from early sequestration projects decrease the 
storage capacity of sequestration projects that would be coming on line at a later time period?  
The Cambrian age Mt. Simon Sandstone of the Illinois Basin is used to model different scenarios that may occur 
during a commercial injection program. The Mt. Simon was selected for modeling because this thick sandstone 
underlies many significant coal fired power plants (emitting at least 1 million tonnes per year) in the midwestern 
United States including the states of Illinois, Indiana, Kentucky, Michigan, and Ohio. The Mt. Simon Sandstone is 
generally >300 m (1,000 ft) thick in the northern half of Illinois (Figure 1) and is the basal sandstone, underlain by 
Precambrian basement and overlain by the Eau Claire Formation. The Eau Claire Formation serves as the caprock 
for the Mt. Simon. The Mt. Simon Sandstone is a source of drinking water in northern Illinois [1], southern 
Wisconsin [2] and southeastern Missouri [3]. 
a.       b. 
Figure 1: (a) Map showing the total thickness of the Mt. Simon Formation in the Illinois Basin. The shaded part 
of the map is the optimum area for sequestration (contour interval 200 ft.) (b)  Three dimensional perspective of the 
structure on top of Precambrian granites.  The fence diagram illustrates the thickness variation of the Mt. Simon 
reservoir. 
c 9 ls i r t .
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For fluid modeling purposes there are two types of reservoirs.  Reservoirs can have outer boundaries that allow 
flow (“open”) or preclude flow (“closed”).   
2. Volumetric Model of Closed System Injection 
In a closed system, where there is no pressure communication with surrounding geologic formations, free-phase 
CO2 storage capacity would only be available from the water and pore compressibility [4]. With increasing pressure, 
the water compresses, and the pore volume expands. Additional storage capacity is obtained by dissolution of CO2
into reservoir water. During injection, storage capacity of a closed system will decrease as distance from the project 
site increases. Post-injection should see a relaxation in the pressure disturbance, and CO2 should be distributed more 
evenly. Water has low compressibility compared with that of CO2, but the possible Mt. Simon thickness of 610 m 
(2,000 ft) available for injection would generate significant pore volume available for sequestration. There would 
also be a slight increase in pore and bulk volume due to pore expansion from the injection pressures. 
A simple volumetric model of a "closed" reservoir was developed using only 0.028 billion m3 (1 billion scf) of 
reservoir pore volume assuming 27 m (90 ft) of total thickness, 10% porosity, and 0.8 net to gross thickness. The 
water and pore compressibility were assumed to be 10 × 10-6 and 3.0 × 10-6 psi-1 respectively. A 10% increase in 
pore pressure above the initial reservoir pressure would result in a 600,000 tonne (661,000 ton) increase in storage 
capacity at this field.  The lower part of the Mt. Simon can be considered a closed system if it is separated from the 
upper Mt. Simon by continuous shale. 
3. Volumetric Model of Open System Injection 
In an open system, the reservoir is connected to the outcrop belt and pressure changes due to CO2 injection in one 
area would affect the entire reservoir. The storage capacity is provided largely by brine displacement rather than 
brine and pore compressibility. Typically, in open systems, compressibility is important around wellbores during 
injection, but not so much in the far-field reservoir during post-injection [5]. A simple volumetric model was 
evaluated to estimate the velocity and distance that the water displaced from CO2 injection moves in an open 
system. For this model, the following was assumed: 30 m (100 ft) of CO2 saturated thickness, 10% porosity, 30% 
irreducible water saturation, 9.795 kPa/m (0.433 psi/ft) pressure gradient, temperature gradient of 17.22°C/30 m 
(1°F/100 ft), with injection commencing at a depth of 1,800 m (6,000 ft). Injection into a single well was evaluated 
at three rates-- 1 million tonnes/yr (1.1 tons/yr), 10 million tonnes/yr (11 million tons/yr), and 30 million tonnes/yr 
(33 million tons/yr). Similar results would be expected if there were a number of closely spaced injection wells, as 
would be expected in a single well. 
These simple models show that, after decades of continuous injection, the injection of large volumes of CO2 has 
an inconsequential effect on the position of a distant freshwater-salt water interface. The results show that the rate of 
water movement is minimal 80 km (50 mi) away from the injection site (Table 1). However, if the deep saline 
aquifers serve as freshwater supplies at the margins of the basin, these low velocities may make a significant impact, 
especially if the freshwater supplies are pumped harder to meet growing water demands. On the other hand, only 
one injection point was considered here, and the effect may diminish when a larger number of injection wells are 
distributed at multiple locations throughout the basin. 
Table 1 Velocity of water movement at 16 km (10 mi), 48 km (30 mi), and 80 km (50 mi) from the CO2 injection 
site
Injection rate               Water movement (m (ft)/day) 
(million tonnes/year) at 16 km (10 mi)    at 48 km (30 mi)    at 80 km (50 mi)
1    0.005 m  (0.018 ft)   0.003 m (0.011 ft)  0.0005 m (0.00182 ft) 
10 0.054 m  (0.178 ft)    0.032 m (0.108 ft) 0.005 m (0.0182 ft) 
30   0.156  m (0.515 ft)   0.097 m (0.320 ft)  0.016 m (0.0545 ft) 
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4. A Reservoir Fluid Model for a Single CO2 Storage Site 
To evaluate sequestration within a closed structure, a reservoir model based on wireline porosity logs was 
developed for the Manlove gas storage field in Champaign County, Illinois. Manlove currently holds 4.3 billion m3
(153.1 billion scf) of natural gas. A reservoir model was developed using a three-dimensional stochastic geologic 
model as the geologic framework. This reservoir model has 75 layers with a 0.94-m (3-ft) thickness and has 40 × 80 
cells in x and y directions, respectively, or about 183-m (600-ft) cell dimensions. The model includes a single well 
injection completed in 15 m (48 ft) out of a total 69 m (225 ft). The injected interval was 9.4 m (30 ft) from the 
bottom of the model. The injection well was assumed to have continuous CO2 injection of 398 tonnes/day or 145 
thousand tonnes/yr (7.5 million scf/day). The cumulative CO2 injection over the 80-year period was 6.2 billion m3
(219 billion scf or 10.5 million tonnes (11.6 million tons), which would be equivalent to 3.5 billion m3 (124 billion 
scf) of methane. Toward the end of the 80-year simulated period, the model indicated that an insignificant mass of 
CO2 may have left the structure via vent wells that surrounded the model edges. The vent wells were used to release 
the model pressure to simulate an infinite acting reservoir.  
Figure 2 Cross section time slices showing the movement of CO2 through the Mt. Simon reservoir in the Manlove 
gas storage field. The color indicates water saturation. Dark blue is 100% water saturation and 0% CO2 saturation. 
During the simulation, >15.9 million m3 (>100 million stb) of water was displaced by CO2. The average pressure 
increased by 3,447 kPa (500 psi) (from 9,653 to 13,100 kPa [from 1,400 to 1,900 psi]) during the 80 years of 
injection. During the 40 years of shut-in after injection, pressure decreased by 2,758 kPa (400 psi) (13,100 down to 
10,342 kPa (1,900 down to 1,500 psi)). For this model, the irreducible water saturation was assumed to be 35%, and 
trapped CO2 saturation was assumed to be 18%. 
The compositional flow simulation model showed the CO2 injection from a single well rapidly migrates vertically 
upward until it encounters lower vertical permeability zones in the top 23 m (75 ft) of Mt. Simon and the caprock 
(Figure 2). The caprock for this model is the impermeable shale of the Eau Claire Formation, which was modeled as 
a single no-flow boundary (not shown). 
5.  Reservoir Model of Structural Dip  
To evaluate the importance of structural dip in the migration of buoyant CO2 in the subsurface, several models 
were developed. CO2 in flat lying strata will migrate symmetrically around the injection well; however subsurface 
strata are rarely flat, but instead have some structural dip.  For example, in Illinois, the regional dip of the basin is 
about 1 degree or less.  Even this small amount of dip will cause the CO2 to have an asymmetric flow direction.  
Injection sites on the flanks of structures could have structural dips of 5 degrees.  Assuming 30 years of injection, 
the difference in maximum distance away from the injection site in the updip and the downdip direction would be 0 
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meters in flat lying beds, 457 m (1500 ft) in the updip direction for a 1 degree bed, and a 5 degree bed would have 
an additional 1524 m (5000 ft) of CO2 migration in the updip direction (Figure 3). 
Figure 3:  Reservoir flow simulation showing the relationship between the dip of the beds and updip movement 
of CO2.  The three figures represent structural dips of 0, 1 and 5 degrees of dip.  The color indicates water saturation. 
Dark blue is 100% water saturation and 0% CO2 saturation. 
6. Basin-Scale Model  
The primary goal of this ongoing basin-scale modeling effort is to evaluate basin-wide multi-phase flow 
processes for a possible future sequestration scenario featuring multiple CO2 storage sites within the Mt. Simon 
Formation in the Illinois Basin. In the model, CO2 plume migration, brine displacement, and pressure buildup are 
simulated using a high-performance version of the TOUGH2/ECO2N simulator [6,7]. Interactions between 
individual storage sites are evaluated with respect to impacts on pressure and CO2 plume migration patterns. This 
investigation is part of ongoing work to develop a basin-scale simulation model for future multi-site CO2
sequestration in the Mt. Simon, with the ultimate objective of better understanding possible large-scale 
hydrogeologic changes and impacts on groundwater resources. 
The basin-scale model covers a core injection area, a larger near-field area where significant pressure buildup is 
expected, and an even larger far-field area for investigating environmental impacts on groundwater resources. The 
model domain comprises the Illinois Basin with deep saline parts and surrounding updip shallow areas, with an 
easting span of 570 km, a northing span of 550 km, and a total area of 241,000 km2. In the vertical, the focus is on 
the thick, extensive Mt. Simon as the storage formation and the overlying Eau Claire Formation as the sealing 
caprock. 
The core injection area was determined based on the elevation of the top surface and the thickness of the Mt. 
Simon Formation, the location of natural gas storage fields, and the location of most single-point CO2 sources. The 
injection area is at least 32 km (20 miles) away from the nearest natural gas storage fields in operation to avoid spill 
of injected CO2 into the gas storage fields, and contains no significant faults except the La Salle Anticlinal Belt. It 
covers an area of 24,000 km2. Within the core injection area, an array of 20 individual injection sites is selected, 
with an average spacing of approximately 30 km. Three injection scenarios are considered, featuring annual 
injection rates of 5, 10, and 15 million tonnes of CO2 at each site. These scenarios correspond to 33%, 67% and 
100% of the current single-point large CO2 sources in the relevant states (Illinois, Indiana and Kentucky). The 
model adequately captures the characteristics of the Mt. Simon Formation in the core injection area, which include 
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(a) Upper Mt Simon Layer Thickness (m)
(1) an overall thickness of 300 to 680 m, (2) an upper unit of sandstone and shale tidally influenced and deposited, 
(3) a thick middle unit of clean sandstone of relatively high permeability, and (4) a lower arkosic unit of higher 
permeability (1 Darcy) and porosity with an average thickness of 90 m (see Figure 4). At each site, CO2 is injected 
into the lower arkosic unit to ensure sufficient permeability to accommodate high injection rates. 
A three-dimensional unstructured mesh was generated for the basin-scale model. Different grid resolution was 
used for generating the horizontal mesh structure (see Figure 5): large gridblocks of 10 km × 10 km (6.2 × 6.2 mi) 
were used in the far-field area; medium-sized gridblocks of 5 km × 5 km (3.1× 3.1 mi) were used in the near-field 
area, and small gridblocks of 2 km × 2 km (1.2× 1.2 mi) were used in the core injection area. For each injection site, 
a locally concentric subgrid was used, with progressively larger radial discretization (from 20 m (66 ft) to 1000 m 
(3280 ft) (for a radius of 10 km [6.2 mi]).  In the vertical direction, four Mt. Simon model layers were used in the 
far-field and near-field areas. However, within the core injection area, the vertical mesh structure used progressive 
vertical refinement of up to 50 model layers for the Mt. Simon Formation. Two additional layers were used to 
represent the overlying caprock. Using this specific mesh design, the complex multi-phase features in each of the 
twenty CO2 storage areas can be simulated with a reasonable accuracy, while simultaneously investigating the large-
scale pressure perturbation away from the core injection area. The three-dimensional mesh consists of 
approximately 20,000 vertical columns, and about 1,000,000 gridblocks (see Figure 5). 
Figure 4: The thickness of the four sublayers of the Mt. Simon Formation (the Upper Unit, Middle Unit, Lower 
Arkosic Unit, and Bottom Unit). 
In the first stage of the modeling, the plume and pressure interactions are of interest, and relatively simple initial 
conditions prior to the CO2 injection are used. The focus will be on CO2 plume evolution, migration and interactions 
within the core injection area, as well as pressure propagation in the near-field and far-field areas. In the second 
stage of the modeling, leaky (or potentially leaky) faults will be added to evaluate the natural attenuation of pressure 
buildup induced by CO2 injection and storage in Mt. Simon through seal imperfections. If needed, some scenarios of 
pressure mitigation measures will be investigated to ensure large storage capacity of the thick, extensive Mt. Simon 
Formation. In the final stage, we will focus on the impact of CO2 storage on groundwater resources, under the 
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current production conditions, in the north of the Illinois Basin, and plan to link the developed basin-scale model 
with the regional groundwater flow model of the Illinois State Water Survey. 
Figure 5: Two-dimensional mesh with different grid resolutions for the far-field, near-field, and injection area, as 
well as the plume area for each of the 20 injection sites (see the insert). 
7. Results and Discussion 
The sequestration target reservoir can be divided into two types of boundary flow conditions, an open or a closed 
system. The closed system has no pressure communication with the outcrop belt or surrounding strata.  This type of 
system will only allow a limited volume of CO2 to be sequestered.  In an open system, the reservoir is connected to 
the outcrop belt and there is a potential for the injected CO2 to displace freshwater in shallower intervals near the 
outcrop.  Displacement volumetric models suggest that this will initially not be an important issue when there are 
only a few sequestration projects.   
The magnitude of the structural dip will be an important factor in predicting the lateral migration of CO2.  For 
example, CO2 will migrate horizontally an additional 1524 meters (5000 ft) in reservoirs with a 5 degree dip than 
those reservoirs that are flat lying. Increases in reservoir heterogeneity will also increase the sequestration potential 
of a formation and slow the vertical movement of the CO2.
Preliminary models suggest that there would be basin wide interactions between different CO2 injection projects.  
The modelling effort is being conducted to try to understand the far-field and near-field dynamics of injection in 
context to the entire basin fluid and pressure regime system. 
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